Introduction
Spermatogenesis depends upon the tight collaboration between germline and somatic cells. This is apparent at a number of levels from the histological level, where a very controlled spatial organization is evident, to the endocrine level, where testosterone is synthesized in the interstitial Leydig cells. Within the seminiferous epithelium the germ cells develop in close association with the somatic Sertoli cells which provide structural and functional support. Male factor infertility can arise from malfunction in either somatic or germline component and an example of this is provided by studies on mutants with deficiencies in expression of the steel ligand (Sertoli cell product) or its receptor c-kit (expressed on germ cells) resulting in infertility (Nakayama et al., 1988; Ogawa et al., 2000) . Recently, increased attention has been paid to genetic problems leading to germ cell failure in men. A particular focus has been on Y chromosome deletions; de novo deletions are present in about 10% of azoospermic men and represent the largest single genetic cause of infertility. It is commonly considered that there are three deletion regions, termed AZFa, b and c; the most frequently deleted region, AZFc, contains over 20 potential transcription units including four copies of the Deleted in AZoospermia gene, DAZ , which was the first gene found in this region. Deletions of this region are associated with variable phenotypes (Reijo et al., 1995) . The basic cellular defect in cases of human male infertility is difficult to dissect for a variety of reasons, most notably because the development of the testis has not been monitored during development and therefore the phenotype observed when the individual presents for diagnosis may be the effect of long-term secondary effects. Mouse models, either naturally occurring or as a result of targeted mutagenesis or transgene insertion, can help analyse the processes underlying genetically caused infertility. However, they cannot be used directly in the case of Y chromosome deletions as the gene content of the human and mouse Y chromosomes differ significantly. Indirect approaches are possible. The human DAZ genes are part of a larger gene family with autosomal members. One of these is the Dazl gene (Yen et al., 1996; Seboun et al., 1997) . The Boule/Dazl gene family has been studied in a number of organisms (Eberhart et al., 1996; Maegawa et al., 1999; Houston and King, 2000; Karashima et al., 2000) and in all cases is expressed in the germ line. Dazl is expressed in the mouse from at least embryonic day 12.5 and in the adult testis is found predominantly in spermatogonia and primary spermatocytes (Ruggiu et al., 1997) . Consensus RNA motifs have been derived by three hybrid, selex, immunoprecipitation and gel shift approaches (Venables et al., 2001; Jiao et al., 2002; Maegawa et al., 2002) . Possible in vitro targets are CDC25a and Tpx1 but in vivo targets have not been defined. Targeted mutagenesis has been used to produce mice in which both copies of the gene are disrupted (Dazlko) and no Dazl protein is detectable (Ruggiu et al., 1997) . These Dazlko mice are male and female sterile and an analysis of the developmental phenotype shows a loss of germ cells as meiosis starts. The final stage reached in the first wave of male meiosis is leptotene (Saunders et al., 2003 
Materials and Methods

Animals
Animal experimentation was carried out under project licence PPL60/2242 of the UK Home Office. Two types of recipient mice were used. Sterile Dazlko males (either C57Bl6dazl
Tm1hgu/Tm1hgu or derived from a CBA dazl Tm1hgu/+ × C57BL6 dazl Tm1hgu/+ cross) between the ages of 8 and 14 weeks were identified by PCR genotyping and confirmed by visual observation at transplantation (testis is approximately 30% of the size of the testis of wild-type or heterozygous males). The second group of recipient males were wild-type C57BL6 (Charles River) treated at 4 weeks of age with busulfan (1 mg (30-40 g)
body weight) to destroy endogenous spermatogenesis (Brinster and Avarbock, 1994) . These males were used for transplantation after a further 4-6 weeks.
Donor cells were obtained from transgenic ROSA males (CBA ROSA 26). The ROSA transgene was also crossed into the Dazl background so that animals homoor heterozygous for the ROSA transgene which were also heterozygote or knockout Dazl genotypes were available as donors or recipients. Testis cells from the ROSA stock express the Escherichia coli transgene LacZ , and can be stained blue with X-gal (5 bromo, 4 chloro, 3 indolyl, D-galactosidase). These testis cells conveniently allow the identification of germ stem cell colonization and differentiation in both groups of recipient males and have been used previously for transplantation experiments (Boettger-Tong et al., 2000; Shinohara and Brinster, 2000) .
Cell preparation and transplantation
Cells were extracted and transplanted as described by Boettger-Tong et al. (2000) with minor modifications. Germ cells from 4-6-week-old ROSA 26 male mice were obtained as a single cell suspension by enzymatic digestion of testicular tubules. Freed from the tunica, tubules were treated with collagenase (Sigma-Aldrich, Poole; type IV; 1 mg ml −1 ) in Hanks' balanced salt solution (Gibco-BRL, Paisley) for 15 min at 34
• C, with the addition of DNase I (Sigma-Aldrich; 0.07 mg ml −1 ) for a further 5 min. After washing twice in HBSS, tubules were resuspended in HBSS plus trypsin (Sigma-Aldrich; 0.25 mg ml −1 ) and EDTA (Sigma-Aldrich; 1 mm) for 10 min at 34
• C. Fetal bovine serum was then added to stop any further action of trypsin. Cells were filtered through a 40 m cell strainer (Falcon) to remove any remaining large debris, and centrifuged at 250 g for 5 min to pellet the cells. These were resuspended at concentrations between 15 and 30 × 10 6 ml −1 in an injection media of Earle's balanced salt solution (Gibco-BRL) and 5% fetal calf serum.
Testes were exposed under general anaesthesia induced by injection of 0.1 ml (10 g) −1 body weight of a solution of 30% w/v Hynorm and 15% Hynovell (Merial Animal Health, Harlow), and the efferent ductules minimally dissected as needed to make them accessible. In older animals (over 8 weeks old), fatty deposits make dissection of the ducts essential for injection. Cell suspensions mixed with Trypan blue (0.5% w/v, to aid in visualization of the suspension) were injected with micro-needles (40 m diameter tips) into the efferent ductules. Thereafter the fluid moved into the rete area of the testis and subsequently into the lumina of seminiferous tubules within the body of the testis itself. The testes of the C57BL busulfan-treated males, although smaller than those of untreated wild-type animals, could on occasion accept up to 25 l of cell suspension. The Dazlko testes, however, at best accepted 10 l of cell suspensions, presumably due to their reduced size compared with testes of wild-type mice. These volumes of cell suspension are approximately half the volume of dye solutions that can be injected. Internal blockage by the introduced cells may have played a part in the reduced volume of cell suspension that it was possible to inject. For general purposes 'fill' success was estimated as the percentage of surface tubules turning colour with the Trypan blue. As a routine, the right testis was injected, the left acting as a control. After injection the testes were returned to the body cavity, the abdominal wall and the skin was sutured and the animals were allowed to recover from anaesthesia.
Analysis of transplants
Recipient animals were killed between 10 and 23 weeks after transplantation. Testes were collected in media (Dulbecco's modified Eagle's medium), the tunica was removed and the tubules were teased apart with forceps. Tubules were fixed in 4% paraformaldehyde at 4
• C for 1 h, washed in three changes (30 min each) of PBS and stained in a buffered X-gal solution (1 mg ml −1 ) overnight at 37
• C. The next day the tubules were washed in several changes of PBS and stored in 70% ethanol. Any areas of the seminiferous tubules that were stained blue were photographed (Fig. 1a) , measured and then processed further for histological analysis. X-galpositive and -negative regions were dissected, embedded in wax and 5 m sections were cut and mounted on tespar coated slides. In most cases the X-gal staining was too intense to allow identification of individual types of cell. This staining intensity was reduced by keeping alternate sections in xylene for 72 h at room temperature (18 • C). Both X-gal-stained and de-stained sections were then re-stained using haematoxylin and eosin, and cell morphology in areas that had already been identified as X-gal-positive was re-examined (Fig. 1c,d ).
Results
Injections of ROSA donor cells were made into 15 C57BL busulfan-treated males (two died after transplantation) and into 16 Dazlko males, either on a C57BL6 (n = 10) or CBA × C57BL6 (n = 6) background (Table 1) . Of the 13 surviving busulfan-treated males, three showed colonization (23%). Two of these males analysed at 70 days after transplantation contained all spermatogenic types of cell, including mature spermatozoa. The remaining male was left for 140 days after transplantation before being killed. This animal showed both full endogenous recovery in the control uninjected testis and ␤-galactosidase positive colonies with mature spermatozoa in the injected testis. Spermatozoa were also found in the epididymis, but differentiation between the transplanted and endogenously recovered spermatozoa was not possible on the basis of ␤-galactosidase staining due to high background staining.
In the knockout series, four out of 16 males exhibited colonies (25%). Two of the positive males were C57BL dazl Tm1hgu/Tm1hgu transplanted with homozygous ROSA 26 donor germ cells, and two were CBA × C57Bl dazl Tm1hgu/Tm1hgu , one transplanted with homozygous ROSA 26 germ cells and the other with heterozygous ROSA 26 germ cells. All of the males were analysed between 76 and 90 days after transplantation and for all males spermatogenesis had been restored in the injected testis and elongating spermatids could be clearly identified (Fig. 1e,f) . Some areas showed mature spermatozoa (not shown). As the Dazlko males lack mature germ cells, the contrast between the regions colonized and uncolonized were clearly visible in these sections (Fig. 1c,d) .
The percentage of animals showing colonization is comparable with previous reports (Brinster and Zimmermann, 1994; Parreira et al., 1998; Wistuba et al., 2002) . There also appears to be little difference in frequency of colonization between the busulfan-treated and dazl Tm1hgu/Tm1hgu males, although the numbers are small.
The length of developing colonies (Table 1) is lower but also comparable with previous reports (Nagano et al., 1999) . A common feature of the testis of Dazlko males is the presence of clusters of Sertoli cells in the tubule lumen. Transplanted spermatogonia were in some cases able to colonize these clusters and germ cell maturation appeared normal despite not being located on the basement membrane (Fig. 1e) .
Discussion
Germ cells and somatic cells represent distinct compartments of the testis, which are interdependent for proper function. However, this does not necessarily mean that one loses the capacity to function in the absence of the other. Transplantation of wild-type or mutant germ cells into mutant or wild-type testes has proved to be one way to test this possibility. This approach has been used previously to show that the unknown mutation in the juvenile spermatogonial depletion (jsd) mouse affects only the germ cells (Boettger-Tong et al., 2000; Ohta et al., 2001) and that although the CREM (cAMP response element modulator) gene product is expressed in both spermatids and Sertoli cells, the Sertoli cells are able to support spermatogenesis of transplanted wild-type germ cells (Wistuba et al., 2002) when their CREM gene function has been ablated genetically. The Steel/Kit system has also been used in this way (Ogawa et al., 2000) . In the case of the Dazlko mice, as the present authors and others have previously shown that expression of the Dazl protein is confined to germ cells (Reijo et al., 1996; Ruggiu et al., 1997) , it was hypothesized that their Sertoli cells might be unaffected by the absence of Dazl. However, because the Dazlko mouse is the best currently available model for the frequent AZFc deletions of the human Y chromosome, the present authors wished to confirm this by using spermatogonial stem cell transplantation. The present study demonstrates that the testis of adult Dazlko mice can support the production of spermatozoa by wild-type germ cells. The extent to which colonization occurs in these mice was compared with colonization in wildtype busulfan-treated animals. Although sample numbers were small there appears to be no major differences in colony number, size or presence or absence of spermatozoa. Stem cell enrichment procedures would likely enhance the extent and frequency of colonization. The implication in human terms is that the testes of AZFc mice may only be defective in germ cell functiona conclusion supported by the relatively large number of AZFc individuals from which testicular spermatozoa can be isolated. It should be pointed out that DAZ and Dazl functions may differ and that the AZFc deletion includes many genes in addition to the four copies of DAZ . These other genes are of unknown function and although expressed only in testis their expression pattern within the testis remains unknown and so could involve Sertoli cell function. In most reports germ cell transplantation recipients have been pre-treated with busulfan to eliminate host spermatogonial stem cells. This treatment has a number of drawbacks. The doses used have to be adjusted for different mouse strains and can be lethal for some animals; the response may be variable from animal to animal; and it is necessary to wait 28 days before the animal can be used. A less than optimal dose results in recovery of recipient spermatogenesis, which must be controlled for and may compete for available stem cell niches. The present authors suggest that genetically manipulated mice, Dazlko in particular, can be used as an alternative source of recipient animals for germ cell transplantation. This suggestion is not new; the jsd mouse has been put forward as a recipient and c-kit mutant animals would also be suitable. Although only one in four males will be Dazlko, the advantage of these animals is that unlike jsd mice they never produce spermatozoa and the mutation is not pleiotropic as is the case for c-kit mutations. In extensive investigation of these animals, the present authors have never observed cells beyond leptotene or early pachytene stages of meiosis. The present demonstration of the capacity of the testis of Dazlko mice to support spermatogenesis shows that these animals can be used without pre-treatment and without risk of resumption of recipient spermatogenesis. They provide a reproducible recipient that can be used at any age.
